Purpose: Vigabatrin ( -vinyl-GABA) is an antiepileptic drug successful in the management of infantile spasms. Photopic ERGs were tested in children followed longitudinally before and during vigabatrin treatment. Methods: Subjects were 26 infants (age range 1.5-24 months, median 7.6 months) on vigabatrin treatment who had been tested on multiple visits (two to four visits; mean, three visits). Eighteen of these were assessed initially before starting vigabatrin therapy and eight were assessed within 1 week of initiation of the drug. ERGs were recorded at 6-month intervals. Standard ISCEV protocol with Burian-Allen bipolar contact-lens electrodes (standard flash 2.0 cd.s/m 2 ) was used. Although ISCEV standards were followed, a higher flash intensity (set at 3.6 cd.s/m 2 ) was chosen for single-flash cone assessment to provide a better definition of OPs. Photopic OPs were divided into categories of early OPs and late OP (OP4). Responses were compared with age corrected limits extrapolated from our lab control database. Results: Results showed differential effects of vigabatrin on the summed early OP amplitudes versus the late OP (OP4) and cone b-wave amplitude. The early OPs showed significant decrease (p = 0 0005, repeated measures analysis of variance) after 6 months and remained decreased for the duration of treatment. There was no significant change seen in the late OP. The cone b-wave amplitude showed initial increase (p = 0 04) after 6 months, followed by a decrease after 18 months; a trend similar to that of the late OP. Conclusion: Early photopic OPs were disrupted more than the late OP, suggesting relative deficit in the ON (depolarizing) retinal pathways.
Introduction
Vigabatrin has been associated with several electrophysiological abnormalities. These abnormalities have primarily involved the cone system [1] [2] [3] [4] . A recent publication [5] reported longitudinal changes in electroretinogram (ERG) cone responses of children on vigabatrin therapy; an initial increase was seen in the cone b-wave amplitude followed by subsequent reduction.
This paper describes further changes in the photopic ERG with time on vigabatrin treatment, in the same paediatric population, with primary emphasis being placed on the oscillatory potential (OP) amplitude.
OPs are small wavelets superimposed on the ascending limb of the b-wave [6, 7] Profile studies have provided evidence to suggest that the OPs originate in the inner plexiform layer [8] [9] [10] . OPs can be obtained under both dark-adapted (scotopic) and light-adapted (photopic) conditions. Photopic OPs are filtered out from the b-wave of the cone response while the scotopic OPs are filtered out from the b-wave of the mixed rod-cone response. The nomenclature for OP responses used in this paper are described by Lachapelle and Benoit 1994 [11] the early OPs representing OP2+OP3 and the late OP representing OP4.
The present study primarily investigates the quantitative changes in the photopic OP amplitudes of children followed longitudinally before and during vigabatrin treatment. As a secondary objective we report our latest findings of the cone b-wave amplitude and flicker responses. These data include data collected 15 months after completion of those reported in Westall et al. [5] .
Methods
Twenty-six children on vigabatrin treatment, referred for ophthalmological, visual and electrophysiological assessment, were tested longitudinally; the duration between visits was approximately 6 months. Eighteen of these children were assessed initially before starting vigabatrin treatment and another eight were assessed soon after (within 1 week). The results from these visits constituted the baseline ERG response (age range 1-21 months, mean 9 months, median 7.5 months). Subjects were excluded from the study if they had a retinal dystrophy or a known family history of retinal dystrophy, any eye disease associated with abnormal ERG, previous intraocular surgery or systemic disease known to affect the retina. Visual acuity was assessed using preferential looking techniques, with Teller acuity cards (Vistech Consultants, Dayton, OH) or Cardiff Acuity test (Keeler, Windsor, UK) ( Table 1) .
All testing was performed in the Visual Electrophysiology Unit at the Hospital for Sick Children. The research follows the tenets of the Declaration of Helsinki. Parents of subjects gave signed consent for their participation in the study. The consent form acknowledged that research procedures were described, any questions answered and that harms and benefits of participating were fully explained. Approval for the study was obtained from the Research Ethics Board at the Hospital for Sick Children.
Most children were sedated with oral chloral hydrate (80 mg/kg of body weight; maximum single dose 1 g). For details of ERG measurement see Westall et al. [5] . Briefly, pupils were pharmacologically dilated with 1% cyclopentolate and 2.5% phenylephrine in children and with 0.5% cyclopentolate in infants less than 4 months. Each subject was darkadapted for at least 30 min before recording began. Burian-Allen electrodes (Hansen Ophthalmic Development Laboratory, Iowa City, IA) of the appropriate size for the individual subject, were used to record ERGs. A Grass PS22 photic stimulator (Grass Instruments, Quincy, MA) and Ganzfeld stimulation (LKC Technologies, Gaithersburg, MD) controlled the light delivery. Neuroscan (Herndon, VA) manufactured the recording equipment and software used.
After dark-adapted responses were recorded, subjects were light-adapted to a 30-cd/m 2 background for 10 min. Photopic single-flash cone responses (3.6 cds/m 2 ), followed by 30-Hz flicker (2.0 cds/m 2 ) responses were recorded in the presence of the same adapting background. In the current paper we report only on the photopic ERGs, although rod-cone responses have been shown for comparison. OP responses were analysed off-line. OPs were isolated from the cone response by digital-filtering (bandwidth, 100-300 Hz; roll off 12 dB/octave) and averaging the epochs. The amplitudes of OP2 and OP3 were summed to derive the OP2 + OP3 amplitude (termed early OPs).
After ERG testing, both direct and indirect ophthalmoscopy was performed by an ophthalmologist (RB) through pharmacologically dilated pupils on all patients.
Data analysis
Much of our data were collected from infants while ERG responses were still developing [12] . To avoid confounding effects of age expected developmental changes in longitudinal measures of ERGs, all data were expressed as relative units to age-expected responses. For amplitude data the log of the age expected amplitude was subtracted from the log of the individual response; negative values therefore represented reduction in ERG amplitude relative to expected value. For implicit time data, age expected implicit times were subtracted from individual patient values and therefore responses that were delayed relative to expected values were represented by positive values.
Two tailed paired t-tests were used to test for difference in ERG data between visit 1 (baseline) and visit 2 (6 months on vigabatrin) and to test for differences between baseline and the final visit (24 months on vigabatrin). Ten t-tests were carried out; therefore for significance the p value was required to be less than 0.005. Repeated measures for analysis of variance (ANOVA) were tested for change over time.
Descriptive statistics were used to illustrate changes in ERG responses over time. The visit classification depended on approximate duration of vigabat- 
Results
Representative data describing ERG cone system responses from two children on vigabatrin treatment are shown in Figure 1 . Photopic ERGs: the cone isolated response, photopic oscillatory potentials and the 30-Hz flicker response are shown in the left column. Mixed rod-cone responses are shown for comparison. Subject 49 was diagnosed with infantile spasms at seven months of age. She had a normal birth history but demonstrated some developmental delay. Her ERGs are shown in Figure 1a . Her first ERG was recorded at 13 months of age before initiation of vigabatrin treatment. At this time, the cone b-wave, late OP and flicker were slightly reduced when compared with control, but still within normal limits. The early OPs however, were abnormally reduced (45% reduction) compared with control. Her initial dose of vigabatrin was 1500 mg/day (147 mg/kg per day). After 6 months of vigabatrin treatment (19 months of age) ERG responses were within normal limits with the exception of the early OPs (91% reduction). For the next two visits, (+12, and 18 months) the dose of vigabatrin (mg/kg) decreased from 140 to 133 mg/kg. After 18 months on vigabatrin the cone and flicker responses, as well as OP4 were within normal limits (refer to Figure 1a for percent deviations) . By the last visit, vigabatrin was being tapered and the dose was now 43 mg/kg per day. There was some improvement in the early OP responses from the previous visit (from 95 to 68% reduction) and the flicker remained within normal limits (refer to Figure 1a for percent deviations). A 34-month-old control (child with normal vision) has been included in the ERG traces for comparison.
Subject 6 was diagnosed with tuberous sclerosis at 2 months of age. He had a normal birth history but was delayed in development. His ERGs are shown in Figure 1b . His first ERG was recorded at 7 months of age after 7 days of vigabatrin treatment. His ERG was within normal limits for all tested stimuli except early photopic OPs (52% reduction). His initial dose of vigabatrin was 625 mg/day (69 mg/kg per day). After 6 months of vigabatrin treatment, ERG responses were within normal limits except for early OPs. These were diminished (76% reduction). After12 months of treatment, the dose of vigabatrin had increased to 115 mg/kg per day. The cone responses and flicker were within normal limits, however the early OPs had reduced (79% reduction). By the fourth visit (after 18 months on vigabatrin), at which time the dose of vigabatrin was increased to 125 mg/kg per day the cone b-wave, late OP, early OPs and flicker responses were all abnormally reduced (45, 79, 99 and 57% reduction, respectively). After 26 months of vigabatrin treatment, the flicker response worsened in amplitude, the cone b-wave increased in amplitude and the late OP and early OPs increased in amplitude but were still abnormally reduced (refer to Figure 1b for percent deviations). Interestingly, the rod-cone bwave remained within normal limits. A 34-month-old control (child with normal vision) has been included in the ERG traces for comparison. By 37 months of age an ophthalmological examination of this child revealed the suggestion of vigabatrin toxicity (denoted by observable decrease in the retinal nerve fibre layer).
Longitudinal data of photopic ERG responses are shown in Figure 2 . Using data from all 26 children, Figure 2a shows the early OP amplitude data. A paired t-test shows highly significant reduction in early OP amplitudes after 6 months on vigabatrin treatment (paired two-tail t-test; p = 2 × 10 −6 ). The amplitudes reduced by 0.3 log units (50% reduction) between the baseline and 6-month follow-up visit. There was little change in OP amplitude after 6 months. The error bars describe the standard deviation. Grey shading describes the upper and lower limits of lab normal control data and contains 95% of responses for each ERG response described.
Changes in amplitudes and implicit times of other ERG responses did not reach significance at the 0.005 level required after Bonferroni correction for multiple t-tests. Descriptively the amplitude of OP4 showed a small increase, followed by some decline after 18 months of vigabatrin treatment. Flicker amplitude shows initial increase followed by decline (insignificant, p = 0 02) after 18 months of treatment. As described previously (Westall et al. [5] ) the cone b-wave shows an initial increase followed by subsequent decrease after 18 months of vigabatrin treatment, showing a pattern similar to OP4 amplitude. The implicit time of OP2 shows increase after 18 months on vigabatrin treatment.
A statistical description of changes over time was accomplished by repeated measures ANOVA. The greatest effect was for the photopic early OPs. The prediction showed significant curvature (p = 0 0005) where the amplitude decreased after approximately 6 months and remained decreased for the duration of treatment. There was no significant change seen in the late OP4. The prediction for cone b-wave amplitude showed an initial increase (p = 0 04) after approximately 6 months, followed by a subsequent decrease after 18 months; a trend similar to that of the late OP. Analyses involving ERG implicit times showed no significant change of predicted value over time.
Discussion
Statistical analyses indicate significant yet differential effects of vigabatrin on the summed early OPs, late OP, cone b-wave and flicker amplitudes.
The early OP amplitudes were significantly reduced followed by slight recovery with chronic administration of vigabatrin (24 months). Although a decrease was seen in the late OP as well, this change was not remarkable.
There are three major wavelets that make up the photopic oscillatory potentials; individual OP wavelets have different origins and are thus differently susceptible to metabolic disturbance. The early OPs, which seem to be associated with the onset of brief flashes of light (ON response) are sensitive to GABA [13] while the late OP, which seem to be associated with the offset of brief flashes of light (OFF response) are sensitive to glycine blockers [14, 15] .
The precise origins of the oscillatory potentials although unknown, may be a reflection of the synaptic activities in the inner retinal inhibitory feedback systems, which are initiated by amacrine cells [16] .
The depolarisation of ON bipolar cells and the ON response of ON-OFF amacrine cells have been shown, in the mudpuppy retina, to be sensitive to GABA while the OFF cone bipolar cells are dominated by glycinergic input [13] .
Picrotoxin, a pharmacological agent known to block GABA, was applied to frog eyecup preparations [17] . This application resulted in an increase in the bwave of the ERG. The ERG b-wave has been shown to reflect ON-bipolar activity predominantly [18] .
Vigabatrin administration in rats has been shown to produce a more than 6-fold increase in GABA levels in the retina compared with the cerebral cortex [19] . The amacrine cell layer, a major contributor to the formation of the OPs, is found to be the most abundant GABAergic retinal layer [20] . Hence the changes seen in the amplitude of the early OPs seem to reflect physiological changes in the inner retina that are sensitive to GABA . The improvement seen in Subject 49's early OPs, after her vigabatrin dose was tapered from 147 to 43 mg/kg per day support the possibility that the early OPs merely reflect physiological changes that occur as a result of fluctuating GABA levels in the eye. Westall et al. [21] reported significant recovery of the early OP amplitude after vigabatrin treatment was discontinued. This confirms that the changes seen in the early OPs reflect physiological changes and not a toxic effect.
The unremarkable changes seen in the late OP amplitude further support studies, which report glycine neurotransmission being the main contributor to the generation of late OPs.
Interestingly, the flicker and cone b-wave amplitudes show a similar quadratic increase followed by decrease over time on vigabatrin.
The flicker response is generated via photoreceptoral and postphotoreceptoral activity [22] . This postphotoreceptoral activity may involve bipolar and inner retinal input and also ganglion cell input [23] . GABA receptors are present in bipolar cells [24] and ganglion cells [25, 26] as well as the amacrine cells, and thus alterations in GABA concentration may affect the generation of the flicker response.
The initial increase seen in the cone b-wave and flicker amplitude followed by a subsequent decrease in this study remains open to speculation. It is possible that GABA receptor differentiation may contribute to the changes being seen. Bipolar cells comprise of GABA-A and GABA-C receptors. GABA-C receptors have a much higher affinity for GABA than GABA-A [27] and activation of GABA-C receptors have been shown to increase the b-wave amplitude [28] . These findings may account for the shape of the cone b-wave and flicker amplitude.
Westall et al. [5] shows similar trends in amplitude of the cone b-wave and rod-cone b-wave, with an increase in amplitude seen after baseline visit. These findings support the ON system being implicated in vigabatrin's effect on the visual system.
The above findings indicate that the photopic summed early OP amplitudes are clearly influenced by vigabatrin administration. The late OP amplitude however, remained relatively stable. These findings strongly suggest that these two systems are regulated by different mechanisms. It is also important to note however that the decreases seen in the early OP amplitudes were recovered once vigabatrin was discontinued. The effect of vigabatrin on the early OP amplitudes, therefore reflect primarily a physiological event and not a toxic one.
